Context. We present the results of a survey to detect low-mass companions of UMa group members, carried out in [2003][2004][2005][2006] with NACO at the ESO VLT. While many extra-solar planets and planetary candidates have been found in close orbits around stars by the radial velocity and the transit method, direct detections at wider orbits are rare. The Ursa Major (UMa) group, a young stellar association at an age of about 200-600 Myr and an average distance of 25 pc, has not yet been addressed as a whole although its members represent a very interesting sample to search for and characterize sub-stellar companions by direct imaging. Aims. Our goal was to find or to provide detection limits on wide sub-stellar companions around nearby UMa group members using high-resolution imaging. Methods. We searched for faint companions around 20 UMa group members within 30 pc. The primaries were placed below a semitransparent coronagraph, a rather rarely used mode of NACO, to increase the dynamic range of the images. In most cases, second epoch images of companion candidates were taken to check whether they share common proper motion with the primary. Results. Our coronagraphic images rule out sub-stellar companions around the stars of the sample. A dynamical range of typically 13-15 mag in the K s band was achieved at separations beyond 3" from the star. Candidates as faint as K s ≈ 20 were securely identified and measured. The survey is most sensitive between separations of 100 and 200 au but only on average because of the very different target distance. Field coverage reaches about 650 au for the most distant targets. Most of the 200 candidates are visible in two epochs. All of those were rejected being distant background objects.
Introduction
By now almost 1,300 brown dwarfs have been found, classified with spectral types L, T, and Y (Kirkpatrick 2008; Cushing et al. 2011) 1 . This number has been surpassed by indirect detections in the planetary regime -by now more than 600 by radial velocity variations and more than 1,200 by the transit method.
A&A proofs: manuscript no. non_detect_v6. 3.1_arXiv The frequency of low-mass companions to stars gives important clues regarding our understanding of the formation of brown dwarfs and planets (Ida & Lin 2004; Alibert et al. 2005; Broeg 2007) . At wide orbits, where direct imaging surveys are sensitive, the frequency of brown dwarfs is of the order of several percent for host stars with spectral types A-M and is less constrained for giant planets (Rameau et al. 2013; Bowler et al. 2015) . In young nearby associations Neuhäuser & Guenther (2004) measure a frequency of 6 ± 4 % of sub-stellar companions which is not very different from the value of 1 ± 1 % obtained for isolated late-type stars (McCarthy & Zuckerman 2004) . The frequency of brown dwarfs around Hyades members does not turn out very different from the latter (Guenther et al. 2005; Bouvier et al. 2008 , Lodieu et al. 2014 although the Hyades are still young with an age of ≈600 Myr. In the younger Pleiades (125 Myr), Yamamoto et al. (2013) confirmed two brown dwarf companions in a sample of 20 stars.
Young moving groups of an age intermediate between the Pleiades and the Hyades offer interesting opportunities to study homogeneous samples of common age and origin. No substellar companions have been found in the Her-Lyr assiociation (Eisenbeiss et al. 2007 , Biller et al. 2013 ) which has an age of ≈250 Myr, similar to the UMa group (Eisenbeiss et al. 2013) . Although a systematic survey of the UMa group at high resolution has been missing, low-mass companions have been detected: GJ 569 Ba, Bb (Martín et al. 2000; Zapatero Osorio et al. 2004 ), HD 130948 B & C, (Potter et al. 2002) , and χ 1 Ori B (König et al. 2002) 3 . The only known planet around a probable UMa group member, ǫ Eri, was found by radial velocity variations (Hatzes et al. 2000; Benedict et al. 2006) . Although there are still doubts about its existence (Zechmeister et al. 2013) , there are even suspections of a second planet (Quillen & Thorndike 2002; Deller & Maddison 2005) . The planet(s) of ǫ Eri have been subject to many, yet unsuccessful, attempts of direct detection (Itoh et al. 2006; Janson et al. 2007 ; Marengo et al. 2006; Neuhäuser & Schmidt 2012 , and the present work).
The goal of the present work is to find additional sub-stellar companions in the UMa group by direct imaging. The search for close and faint companions in the UMa group benefits from a relatively young age of 200-600 Myrs 4 , the small distance of members (≈50 pc on average; Fig. 1 ), and thus the availability of precise Hipparcos astrometry (Perryman et al. 1997; van Leeuwen 2007) . Furthermore, the proper motion of UMa group members is high on average (≈50 mas/yr) because of their proximity ( Fig. 1) and their peculiar space motion (Ammler 2006) . Hence, co-moving companions can be identified already after a short epoch difference. Preliminary results of the present study have been published earlier ).
Coronagraphic observations and data reduction
As the definition of the UMa group and the list of members is controversial, we compiled the targets in the following way to Montes et al. 2001 and van Leeuwen 2007) . We add the distribution of the southern stars within 30 pc addressed in the present work (hatched; distances from van Leeuwen 2007) . Right: an image of the coronagraphic mask with the four coronagraphs (black filled circles) taken with the S27 camera. Each of the coronagraphs has an angular diameter of 0.
′′ 7. We placed the star below the lower left (south-eastern) coronagraph, so that a field with a radius of ≈9" is completely covered outside the coronagraph (hatched circle). Incomplete coverage is achieved up to separations of ≈25" (arrow).
get a meaningful number of reliable UMa group members closer than 30 pc and observable with NACO at the ESO VLT:
-stars found by Montes et al. (2001) to fulfil at least one of Eggen's kinematic criteria (Eggen 1995) . -certain or probable members compiled by King et al. (2003) based on photometric, kinematic, and spectroscopic criteria. -HD 135599 which is an UMa group member according to Fuhrmann (2004) .
One system, GJ 569 (=HIP 72944), we did not observe since it has been extensively studied before (e.g. Simon et al. 2006 ). Some objects were excluded because of known bright secondaries in the field of view (HD 24916, HD 29875, HD 98712, and HD 134083) . HIP 104383 A is a close binary, too, but fully fits below the coronagraph so that we did observe it ( Fig. D.1 ), i.e. 20 targets in total (Tables A.1 and A.2) .
The targets have been observed with NACO, the adaptive optics imager at the Nasmyth platform of the ESO VLT UT4 (Yepun) 5 . The stars themselves were used as adaptive optics reference stars for the visual wavefront sensor of NAOS (VIS). The semi-transparent coronagraph is a rarely used NACO mode. It has a diameter of 0.
′′ 7 and dims the incoming stellar light by about 6 magnitudes in the K band (see Fig. 1 ). Hence, it blocks most light of the star but still allows one to do precise astrometry with the stellar point spread function (PSF).
The observations have been obtained in the K s band (Persson et al. 1998; Tokunaga et al. 2002) further reducing the brightness difference of stars and any low-mass companions. The sensitivity of the observations has been further improved by not using the S13 camera with the smallest pixel scale but instead observing with the S27 camera (27.15 mas/pix, FOV 28"x28").
5 NACO consists of the adaptive optics system NAOS (Lenzen et al. 2003) and the camera CONICA (Rousset et al. 2003) . The instrument was decommissioned in August 2013 and recommissioned on UT1 in January 2015.
Article number, page 2 of 25 Tables E.2, A .1, and A.2) , this example of HD 22049 shows how the relative motion of non-moving background stars in right ascension (solid lines) and declination (dashed lines) will differ from a comoving companion (respective horizontal lines). The lines encompass the Hipparcos uncertainty, scaled by a factor of 100 for visibility. Possible orbital motion of a hypothetical companion has been neglected. The vertical dotted lines highlight the dates of the 1 st and 2 nd epoch exposures, respectively. Obviously, the two candidates found are background objects (circles for right ascension and squares for declination, resp.; see Table D .2 and Fig. C.1) . Right: dynamic range curves for a 10 σ detection as a function of angular separation for all exposures of the survey.
This way, a larger field is covered ( Fig. 1 ) and more light is collected in a single pixel. The astrometric precision using the S27 camera is sufficient since the average proper motion of the UMa group of 150 mas ( Fig. 1) per year corresponds to 5.5 pixels on the detector.
The data reduction follows the usual steps of sky subtraction, flat-field correction, bad pixel correction, shift and add 6 . The sky has been subtracted using jittered exposures of nearby sky positions free of bright stars. The flat-field correction is based on coronagraphic night-time flat-field exposures to correct for the variable transmittance of the coronagraphic substrate and standard day-time exposures to correct for pixel-to-pixel variations of the detector below the coronagraph used. Bad pixel frames have been taken from standard calibrations or derived individually with ESO tools and standard twilight flat-field exposures.
Identification and characterisation of candidates
The stellar PSF has been subtracted in a box of 500x500 pixels centred on the star to facilitate the visual identification of faint companion candidates. The PSF has been derived by calculating the average of a set of rotated frames (in steps of 2
• ) and using sigma-clipping to get rid of bright features, in particular the diffraction spikes. A smoothed image has been subtracted to further facilitate detection (Figs C.1-C.5) 7 . We noticed that artefacts due to dust particles on the coronagraphic substrate can be mistaken for companion candidates. The flat-field correction fails in removing those since occasional displacements of the coronagraphic substrate can occur between calibration and target exposures. We removed those artefacts from the list of companion candidates guided by a visual crossmatch of the scientific exposures with the flat-field exposures. In the most extreme cases (exposures of HD 11171 and HD 22049), several tens of artefacts had to be removed. 6 using own scripts and tools provided by ESO, including ESO-eclipse v5.0.0, the jitter recipe (Devillard 1997 (Devillard , 2011 , and esorex using the recipe naco_img_twflat to derive bad pixel frames. 7 Smoothing has been done by the application of a Gaussian filter (FILTER/GAUSS in ESO MIDAS version 13SEP; Banse et al. 1983; Warmels 1992 ) using all adjacent pixels within a radius of 18 pixels weighted by a Gaussian with a width of σ = 3 pixels.
A wide comoving companion will not change its position relative to the star while a distant and thus non-moving background object will reflect the stellar parallactic and proper motion (Fig. 2) . Our assessment of astrometric measurement uncertainties is based on Chauvin et al. (2010) who give a long-term average of the S27 pixel scale of 27.012 ± 0.004 mas/pix and of the detector position angle (true North) of −0.
• 04 ± 0.
• 14. In the present work, we corrected the position angles of all candidates for the mean deviation of −0.
• 04 from the true North. From the measurements obtained by Chauvin et al. (2010) , we expect uncertainties of 0.016 mas/pix on separation and 0.
• 15 on position angle. We neglected the errors in fitting Gaussian profiles to measure the positions of the stars and the candidates. It is as precise as a few milliarcseconds and of the order of the Hipparcos errors (Table E. 2).
The instrumental magnitudes of the target stars and the candidates have all been measured in apertures of 13 pixels across which is more than double the typical FWHM of the PSF. Then, the K s band magnitude of the candidates has been derived from the measured flux ratios taking into account the brightness of the target star (Table A. 2) and the attenuation of the coronagraph. While the brightness of the star has been measured in the reduced frames, the brightness of the candidates has been measured in the PSF-subtracted frames constructed in the way described above.
To calibrate the transmission of the coronagraph, a standard star (HD 1274) was taken during the programme 384.C-0245A, once outside and once below the coronagraph, and reduced in the same way as the exposures of the science targets. The flux values have been integrated within apertures of 19 pixels radius which fits well inside the coronagraph. Relating the measurements inside and outside the coronagraph gives a transmission of 0.47 ± 0.03 % in the K s band which translates to a dimming of 5.83 ± 0.06 mag. The error bar accounts for uncertainties involved in the aperture photometry but not for other systematics like cross-talk, light-leaks, temporal variation of the PSF, improper/variable placement of the star below the coronagraph, or variable residual absorption by the transparent substrate which carries the coronagraphs. The new measurement gives a dimming weaker by half a magnitude than the value given in the NACO manual (K s = 6.3 ± 0.1 mag). The latter measurement was done in a way similar to the present work but using frames reduced in a different way and using peak counts instead of aperture photometry (ESO, priv. comm.) . A conservative estimate of 6.1 ± 0.3 has been adopted in the present work since the discrepancy cannot be explained with the data available.
For each one of the companion candidates, the average magnitude of two epochs has been adopted and the uncertainty is given by half their difference plus the square-added error bar of 0.3 mag of the transmissivity of the coronagraph. For singleepoch images, the transmissivity is the only well-known dominant source of error.
Assessment of field coverage and detection limits
We could not take advantage of the full field of view of the NACO mode applied (28"x28") since the corners are affected by obstructions. Furthermore, the coronagraphs themselves are insensitive patches in the field of view. The field of view is covered completely between angular separations of 0.
′′ 35 (coronagraphic radius) and 9. ′′ 0 which correspond to different linear scales depending on the distance of the star. The parallaxes of the sample stars vary from 37 mas Article number, page 3 of 25 (HIP 104383) to 311 mas (HD 22049) so that the field of view covers very different parts of the stellar environments, e.g. the closest view in the case of ǫ Eri (=HD 22049; 1.1 − 29 au) and the farthest view for HIP 104383 (9.2−237 AU) (Table B.1). The expected widest bound orbit of low-mass companions has been estimated based on the linear law given in Close et al. 2003 given the central mass of the target systems.
Although the field of view is complete only up to separations of ∼9", it samples separations of up to ∼25" corresponding to as much as ∼650 au in the case of HD 125451 and HIP 104383. Still the field of view never reaches the widest possible bound orbit in the present sample. We note, however, that inclination is a free parameter in this whole consideration and that measured separations are projected separations. Stars with exoplanets are known for which very wide (up to one third of a parsec) companions with common proper motion have been detected (Mugrauer et al. 2014) .
To understand the detection limits in the wings of the PSF, we built noise maps from the reduced and PSF-subtracted images. We measured the standard deviation at each pixel using 7x7 adjacent pixels. This value has been multiplied by the square root of the number of pixels in an aperture of 13 pixels across in order to compare to the photometric flux measurements described above.
Based on the noise analysis, the limiting magnitudes have been derived relative to the magnitude of the primary star in the same way as by Brandeker et al. (2006) . We found that a source can be detected at a given location if the flux measured is larger than a detection limit of 5 − 10 σ of the local noise level and adopted the conservative and common value of 10σ. The limits derived have been corrected for the coronagraphic attenuation of 6.1mag inferred above. For each exposure, the right panel of Fig. 2 shows the average value of pixels at same angular distance.
When it comes to the determination of the mass of a companion that is still detectable, uncertain age is the largest contribution to the error budget. Using the stellar K s band magnitude and the measured dynamic range, we calculated the K s band magnitude of faint objects which could still have been detected at a given separation. The magnitudes have been interpolated in evolutionary models to obtain a mass estimate. We used the COND03 models (Baraffe et al. 2003) for effective temperatures lower than 1,300 K 8 and DUSTY00 (Chabrier et al. 2000) models for temperatures higher than 1,300 K. For ages of 100 Myr, 500 Myr, and 1 Gyr, this temperature corresponds to a mass of 10, 31, and 42 M Jup , respectively, and is accessible to the present survey. In this range of mass, the difference in K band magnitude between 100 Myr and 1 Gyr varies from 4 at the high-mass end to 8 at the low-mass end. Even if we avoid interpolating the true age range of the UMa group in the evolutionary models, we can assess that the age uncertainty of the UMa group implies an error of several K band magnitudes which is the dominant source of error in the present study.
Results and Discussion
The noise level is observed to decrease strongly with increasing separation from the primary star (Fig. 2) . The longest ontarget exposure time was spent on the brightest target, HD 22049, resulting in the highest dynamic range of the present work (Table D. 2) after correcting for the proper and parallactic motion of the central stars (Table E. 2). The symbols discern the candidates according to their central stars. Error bars have been omitted for clarity.
( 17 mag for a 10 σ detection). Typically, the dynamic range for a 10 σ detection limit ranges between ∆K s = 13 and 15 at a separation beyond 3" (Figs. 1, E.1, E.2, and E.3). Given the K band magnitude of the central star, this corresponds to about 12−20 M Jup provided an age of 500 Myr (Figs. E.4 and E.5). Objects with 12 M Jup and younger than 1 Gyr could have been detected at separations of less than 10 au in the case of HIP 57548 with the deepest exposure of the present work, and objects with 20 M Jup closer than 3 au ( . The relative shift of a companion w.r.t. the star has been measured when a second epoch was available (Table D. 2). All those cases are non-moving background stars when comparing to the predicted shift due to the stellar parallactic and proper motion (Table E .2 and Fig. 3 ) 10 . The deviation from these expectations is less than 0.
′′ 1 in all cases and of the order of the astrometric error bars (Table D. 2). This shows that the true astrometric uncertainties agree with the assessments by Chauvin et al. (2010) implemented here (Sect. 3).
The detection limits can be compared to the brightness of faint background objects detected in the field of view. The uncertainties of the photometric measurements are below 1 mag in almost all cases. Usually, they are close to 0.5 mag and increasing towards the detection limit while the photometric measurements deviate by less than a magnitude from epoch to epoch. Enhanced error bars can be ascribed to smearing, noise, flux missed by the 9 HIP 104383 A is a special case since it appears as a visual binary below the coronagraph ( Fig. D.1 ). According to Balega et al. (2004) , it is a binary with a separation of 0.
′′ 3 and a magnitude difference of 1.67 in the R ′ band. In the K s band we measured a magnitude difference of 0.45. The astrometric measurements presented here have been done w.r.t. the brighter component while the co-added signal has been used for photometric measurements. 10 The parallactic motion has been calculated assuming a value of the obliquity of the ecliptic plane of 23.
• 4 and expressing the solar longitude by L = 279.
• 697 + 36, 000.
• 770 T with the time T given by Julian centuries since 1900, January 0, 12 h (Kovalevsky 1995) . The eccentricity of Earth's orbit has been neglected.
Article number, page 4 of 25 aperture photometry at the edges of the frame, or background features like diffraction spikes, ghosts, and reflections (indicated in Table D .2). The faintest object identified (HD 165185, ID0101) advocates an empirical detection limit of K s ≈22 for HD 165185. However, the aperture photometry of this object is affected by insufficient background correction so that it must be somewhat brighter (Fig. C.3) . Moreover, the lower envelope to the distribution of most candidates ( Fig. E.2 ) is a bit higher as is also indicated by the brightness distribution of all candidates (cf. Fig. 3 ). It covers magnitudes in the range K s = 13 − 23 with a single brighter object next to HD 11131. As can be expected for a distribution of field stars, there are a few bright objects and a larger number of faint objects. The number of objects decreases rapidly at a brightness level fainter than K s = 20 indicating that the census is complete down to this value. Since the distribution is almost entirely constituted of objects next to HD 165185, this completeness limit is certainly valid for this subset.
Ammler-von Eiff et al.: Multiplicity of UMa group members (RN)
We compared our candidates with previous work for targets in common with other surveys which have not necessarily been dedicated to the UMa group (Macintosh et al. 2003; Itoh et al. 2008b; Metchev & Hillenbrand 2009 ).We recovered all of the previously known candidates (Table 1) at the positions expected as far as they are covered by our field of view. Photometric measurements agree well within the error bars as long as they have been measured in the same or a similar photometric band. The single exception is ID 4 next to HD 175742 (Metchev & Hillenbrand 2009, object 1) . Most certainly, the difference of one K s magnitude can be explained by the location of ID 4 in the PSF of HD 175742 where the photometric measurement is very sensitive to imperfections of the PSF subtraction. The same object was found by Janson et al. (2013) but no photometric measurement is given there. The southern component of HD 165185 listed by Mason et al. (2014) is out of the field of view of the present work but displayed in Table B .1.
The deepest exposure has been chosen for each target to derive a survey upper limit on the frequency of stars with a companion of given mass and age. This has been done in a basic way similar to Lafrenière et al. (2007) without assuming any prior knowledge on the mass-period distribution of companions. For this purpose, maps of 10 σ detection probability have been derived from the maps of limiting magnitude presented in Sect. 4 by comparing them to the signal of a 12, 20, and 35 M Jup companion at different ages of 100 Myr, 500 Myr, and 1 Gyr (using the evolutionary models described in Sect. 4) 11 . The mean survey detection probability has been assessed by centering, rescaling, and averaging those probability maps (Fig. 4) . In the limiting case, where the detection probability equals 1 throughout each frame, the average detection probability is only limited by the respective field of view and approaches zero at separations beyond ∼500 au which are not covered by any exposure of the survey. The age range considered has a stronger effect than the mass range. On average, the survey is most sensitive at separations between 100 and 200 au since the distance of the targets and thus the field of view covered is very different.
We derived the upper limit on the frequency of stars with a companion where the mean 10 σ detection probability is high. We followed the Bayesian approach described by Lafrenière et al. (2007) using the Poisson approximation and a confidence level of 95 %. In the most sensitive range between 100 and 200 au, we can place an upper limit of ∼25 % on the frequency of UMa group members with low-mass companions more massive than 35 M Jup if the age of the UMa group is close to 500 Myr or younger. The limit is never below 15 %, defined by the number of stars, the confidence level, and the case of a detection probability of one everywhere (solid line in Fig. 4) .
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